speed controller's primary input, for an internal combustion A engine-based vehicle, is the throttle angle. "Throttle angle" refers to the position of the throttle plate, which is located in the intake manifold. When the throttle opening is near 0", the throttle plate restricts almost all of the air flow into the engine. As the throttle angle increases, the throttle plate becomes less restrictive and allows more air; the engine can then produce more torque. Since the throttle plate regulates the torque generated by the engine, which has a direct consequence for the accuracy of vehicle speed control, accurate throttle-angle control is quite important.
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The most common way to adjust the throttle angle setting is with a pneumatic actuator. This is preferred on almost all modern day production vehicles that are equipped with a cruise control unit. When a faster and more accurate throttle response is desired, the pneumatic based system is generally replaced with a stepping motor mounted directly on the throttle plate assembly as is done in some experimental and performance vehicles. This method removes the direct linkage from the accelerator pedal to the desired throttle and replaces it with a "driveby-wire'' (DBW) system where the desired throttle angle is passed through a controller, which in return regulates the throttle angle to the desired opening.
The control objective and the allowed tolerances dictate the choice of actuators and sensors in almost every application. In the case considered here, the relatively less accurate pneumatic actuator was acceptable and preferred over installing a stepper motor (especially as it was already in the vehicle at an easily accessible location).
For controller design purposes that fit the physical situation, a model of the throttle actuator system has been developed that is comprised of two second-order linear systems. This exhibits good model matching over a wide throttle angle range from 2" to 20". (The altemative approach has been to derive a highly complicated and nonlinear physical principles based model.) Using this variable structure model, a switching controller has been designed which has been verified, both theoretically and experimentally, to work satisfactorily.
This paper provides an interesting example of designing a reference tracking controller for a real physical system by switching between its stable and unstable structures while achieving closed loop stability. The organization of the paper is as follows: First, the modeling of the actuator system is summariz,ed. The design and performance of the proposed switching controller is then discussed, the observer design details are outlined, and some experimental results are presented.
Modeling The Throttle Actuator Figure 1 shows a simplified diagram of the vehicle's throttle actuator assembly, which includes a pneumatic throttle actuator, a throttle cable, and a throttle plate connection. The throttle actuator is a pneumatic cylinder which creates a force proportional to the ratio of the cylinder's intemal air pressure to the external (atmospheric) air pressure. The intemal air pressure is controlled using two valves which allow either the engine's intake manifold pressure or the atmospheric pressure. This pressure is applied to the input of the air cylinder. One cable connects the pneumatic cylinder to the accelerator pedal while a second cable connects the accelerator pedal to the throttle plate. Also connected to the throttle plate is a torsional spring which applies a closing torque on the throttle plate. Since force is applied to the throttle cable by the actuator, the throttle plate opens until the force applied by the throttle plate spring matches the force applied by the actuator.
The actuator's intemal pressure is controlled using three solenoid actuated valves which control the air flow iin and out of the pneumatic cylinder. Both the safety and vent valves allow the atmospheric pressure of approximately 14.7 psi to flow into the cylinder, while the vacuum valve connects the system to the intake manifold, which is maintained at approximately 10 psi when driving at highway speeds. When the solenoids are unpowered, the vent and safety valves are kept in a normally open position by two springs and the vacuum valve is kept in a normally closed position by a third spring. This configuration creates a fail safe condition such that if power is lost to the unit, both the vent and safety solenoids open while the vacuum solenoid closes. This causes the air pressure in the cylinder to rapidly escape which in turn causes the throttle plate to close. The normal mode of operation requires energizing the safety solenoid when the cruise control unit is turned on. The throttle angle is then controlled by opening or closing the vent and vacuum valves until the internal air pressure that is needed to move the throttle angle to the desired position is achieved.
At first, a "physical principles" approach was used to model the throttle actuator, throttle cable, and throttle plate system over its entire dynamic range. The model includes non-linear compressible fluid equations describing the air flow through the solenoid passages, a non-linear equation to model tlhe throttle plate spring, and non-linear friction approximations. In summary the following equations were derived: \ / together with P" = nRT / (x[L -21) and 0 = l,2, where n is the number of moles in the pneumatic cylinder and Y is a constant which models the orifice opening size leading from the cylinder to the intake manifold and atmospheric pressure. U E [-1,1] indicates vacuum or vent being applied which may either be assumed to take on two values only (k1) or be assumed to accept pulse width modulated (PWM) signal between [-1, 11. Pi,, is the input air pressure (10.7 psi for manifold pressure (measkred at highway speeds), or 14.7 psi for atmospheric pressure).P andPaim are the air pressure in thefneumatic cylinder, and the atmospheric pressure respectively. A denotes the area of the metal end plate in pneumatic cylinder. This is the plate to which the cable running to the throttle plate actually attaches. F, is the force applied by the spring on the throttle plate. (Various different friction forces have been tried to improve modeling; experimental measurements have shown that the system exhibits a huge hy5eresis loop, which the model is unable to accurately represent.) K is the throttle plate's spring constant, x" is the position of the pneumatic cylinder's end plate with zero corresponding to 0" position (when fully extended). R is tke ideal gas constant, T is the temperature at the throttle plate, L is the maximum displacement of the cylinder's end plate and I, is the constant relating the cylinder's end plate to cable displacement at throttle plate (experimentally determined). Finally, 0 refers to the throttle angle.
This model, when hysteresis loops at the spring-plate frictional forces are modeled in detail, becomes relatively complex and highly non-linear. In addition, the accuracy of the model fails to justify its complexity since some of the assumptions taken during modeling stages are violated occasionally. These drawbacks resulted in the search for a simple numerical model based on experimental data. Single linear models also fail to represent the system dynamics efficiently as the two different modes of operation exhibit different dynamics with considerably different time constants. Performing a least squares regression on the experimental data verified th,at a single linear model could not adequately describe the system when both the vent and vacuum inputs were used. However, if two separate linear models of the form in Equation 4 are wed, the approximation is observed to have been vastly improved. Two separate models representing two different conditions was closer to reality and thus was preferred, despite the resulting unusual control design setting.
The developed numerical model is only required to successfully represent the system dynamics over a subset of all possible throttle angle openings. This model concentrates merely on the throttle angles used during the range of normal highway driving conditions. Field tests show that near 55 mi/h the throttle angle has an average value of approximately 12". In the model, the throttle angle range between 2" and 20" is covered. The upper limit allows for accelerations when passing vehicles, while the lower limit is necessary to avoid a harsh non-linearity which occurs when the throttle angk reaches 0". If the throttle angle falls to O", a 0.5 sec delay is introduced after applying full vacuum before the throttle angle increases. This delay is unacceptable for control purposes and therefore the lower limit is enforced to prevent it occurring. It should be noted that for speeds greater than 20 mi/h this lower limit does not cause any noticeable degradation in speed control.
Let the state vector be (3) where0 is the throttle angle in degrees and6 is the time-derivative of 0 in degrees per second. Choosing the model to be in controllable canonical form results in the following system description (4) where U is the input to the system and a a2, and b, are parameters that must be determined. Two second order models are obtained, one of which is valild when the vent valve is open and the other when in full vacuum mode. If both the vent and vacuum valves are closed the system is assumed to behave according to the unforced vacuum model. The numerical values were extracted from experimental data collected from the existing pneumatic throttle actuator on a 1992 Honda Accord station-wagon. It is assumed, during modeling, that either full vent or full vacuum is applied to the input for the entire 0.01 s sampling period. Modeling is performed such that "Vent Mode" ("Vacuum Mode" resp.) is represented withu = -1 (U = +1 resp.). The system parameters were identified using experimental data. The training data was taken from a speed control experiment so that it is a good representation of the type of excitation the system encounters in practice. This data is different from simple step or sinusoidal input, neither of which is common in normal speed control applications. The identified continuous time state space description of the system is The venting model has poles located at -155 and -656, while the vacuum model has poles located at 0.123 and -556. A comparison of the model's output to experimental data is shown in Figure 2 (a); the input to the system is shown in Figure 2 (b). The model matches the rising and falling times of the physical system well, with the maximum errors occurring near largest throttle angles.
It must be noted that while the proposed model matches well in the range of 2" S 8 I 20", its performance deteriorates quickly as the throttle angle is increased beyond 20".
Switching Control of the Throttle Angle
As discussed, in the throttle actuator system either full vacuum or full vent is applied in-between two sampling times. Because of this a sliding mode design is the preferred control method. When on the sliding manifold, the error can be forced to decay exponentially with appropriate choice of the sliding surface. Moreover, the inherent robustness of sliding mode provides a major advantage [l] .
Define the standard sliding surface as with E = 0 -Eldes. 8 is the throttle angle in degrees and e, , is the desired throttle angle. When S = 0 the system will be forced to exhibit the error dynamics 6 = -kE. Thus, by choosing k appropriately, the error can, in theory, be made stable such that it decays at an arbitrary exponential rate. To force the: state trajectory to stay on S = 0, the inequality ( S ' 3 ) < 0 must be enforced in the neighborhood of S = 0. This statement essentiallly means that no matter where the current state is, the trajectory must always be approaching the sliding surface.
Consider the phase portrait of just the throttle actuator dynamics. Figure 3 shows the system's behavior for the case when either full vent or full vacuum is applied from various initial conditions. To help visualize the control objective of forcing the trajectories onto a sliding manifold, one possible sliding surface has also been placed on the figure. This particular manifold corresponds to a constant desired throttle angle of 10" and a slope k = 5. Since the objective of the control is to enforce the system trajectories towards the manifold S = 0, it is clear on the diagram that if the current state (@,e) is located such that S > 0 (S < 0 resp.), then U = -1 (U = +1 resp.) should be applied. Thus, one expects the control law to be in the form U = -sign(S).
Starting with Equation 7 and substituting for E and E yields Next, express both Equations 5 and 6 generically as
Then one can obtain 
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The next step is to choose a value for k. It is desirable to choose k such that the throttle actuator will respond more quickly than the engine it is controlling. In addition, k must not be chosen too large otherwise unmodeled dynamics may cause oscillations and overshoot. Since the engine time constant in the linearized system that we use for experimental studies is located at s = -3.33 (details about how to obtain engine time constant is outside the scope of this paper, but the interested reader is referred to [2] and the references therein), we chose k = 5.0 such that the error dynamics will decay as e = -5 e when the system is in sliding mode.
Note again that the presented model is valid for 2" 5 8 5 20".
Theoretically, Odes, 8,, and edes can be arbitrary. However, the physical system may not be able to respond as quickly as desired.
For example, a step change in e, , will result in infinitely large changes in0,, andodes instantaneously. (As far as the implementation on a computer with lOOHz sampling rate is concerned, a step change from 8, to 8, results in spikes of 6 = 100 *(e, -e,), ande = +loo2 * (e, -8,) occurring at the time of step change.) In experiments, however, it is observed that it is fairly reasonable (covers the worst case scenarios) to generate € I , , with I 8, , 165 deg/s andle,, IS deg/s2. Hence, in the analyses below, these upper bounds will be considered whenever necessary.
Case S < 0, S > 0:
In order to make the right hand side of Equation 1 as large as possible, u is chosen to be +1, which corresponds to applying full vacuum to the actuator. Substituting u = +1, a , = 0.68, , \ yy, This region is plotted on Figure 4 . Note that this study provides only the sufficient conditions for convergence to the sliding manifold. This region can be extended on the phase plane either by lowering the upper bounds on bdeS and gdes, or by making k smaller. The entire domain of interest can be proved to converge to the stable integral manifold described by S = 0 if k is lowered to k = 155 while maintaining the above bounds on the desired throttle angle. However, this slows down the system dynamics in sliding mode. In general the convergence region is governed by
Observer Design
In order to use this controller, 8 = 6 -edes needs to be available. 6, however, is not directly available and since the measured throttle angle signal is very noisy, it is not possible to approximate6 by taking anumerical derivative. Therefore, an observer is employed to estimate 6. This section discusses both the development of amodified asymptotic observer and the observer gain selection.
Assuming an observable linear system with the parameters {A, B, C}, the standard full order asymptotic observer yields the estimate of x through
( t ) = A ( t ) + Bu(t)+L(y(t)-Ci?(t)),
where . ? is the estimate of x. By choosing L appropriately, the error dynamics can be forced to decay at any desired rate. We previously saw that the throttle angle could be modeled with two second order linear systems. The observer for this system is designed by switching the observer's A, B, and L matrices according to the input. Defining a positive input U to correspond to a vacuum input and a negative U to correspond to the vent input and referencing Equations 5 and 6, the observer model for the throttle angle system can be written as
= A * x ( t ) + B * u ( t ) -L * ( e -[ l 0]2(t)),
where [3] was used with steady state gains to obtain satisfact0r.y estimates of 8 and 6. In steady-state, the Kalman filter gain K for a linear timeinvariant plant is equal to
as described in [4] , where P is the positive definite solution of
P =APAT -APCT(CPCT +R)-'CPA7 +GQGT
The solution for P exists and is stable if (A,(:) is detectable and (A, &) is stabilizable, which is satisfied for both of the linear systems in Equations 16 and 17. OnceP is found from Equation 2, the gain is calculated as L = AK.
In Equations 18 and 19, R E % is the covariance of the measurement noise, G E %2x2 indicates how the noise enters the plant, and Q E % 2x2 is the covariance matrix of thie plant noise. R is easily found from experimental data as 0. I2 14. G andQ can not be easily determined from experimental data arid are therefore approximated by letting G be a 2 x 2 identity matrix, IZx2, and Q = 0.0003. IZx2. Doing this and solving for the two L vectors, one for the vent input and a second for the vacuum input, results in Figure 5 shows the results of applying this observer to experimentally obtained throttle angle data. As shown, the observed throttle angle greatly reduces the noise which is apparent on the original signal.
Closed Loop Experimental Results
This section shows the results of using the previously described sliding mode controller with the observer to control the test vehicle's throttie angle. In all cases, the sliding mode controller operates on 8 and 8 and the sliding mode surface is set to
The controller is implemented by approximating the continuous time sliding mode in discrete time by simply applying full vent if S , > 0 or full vacuum if S , < 0 (where S , is the value of S at the kth sampling instant) for one full sampling period, which in this case is 0.01 s. Figure 6 shows the desired, measured and estimated throttle angle when several step input references are supplied to the controller. The observer successfully filters out most of the measured signal's noise at the expense of a tracking error at very low and relatively high throttle angles. The observer does best for a throttle angle near lo", which is near the normal operating point when traveling at highway speeds. The steady-state error detected for the desired throttle angles of 2" and 15" originates from the estimation mismatches in0 which cause the system to have a steady-state error. This error can be reduced by increasing the sliding surface's slope near E = 0. High gain around the zero error manifold results in a bang-bang type controller for small tracking errors. This extra step, however, has not been implemented as the experimented steady-state error is concluded to be small enough for vehicle speed control applications. It should be clarified here that the resulting steady state error originates from the couplings between the observer and the variable structure controller. The developed model works best around 10" and, therefore, the observer-based on this model-introduces some error due to model mismatches at other throttle openings. The variable structure controller uses the observer estimated states (not the actual measurements due to the unavailability of the state 6 and the existence of noise in the measuremento), so tracking error becomes larger when the model starts to fall apart. Figure 6 shows the phase plane portrait of Figure 7 . The large deviations from S = 0 are caused by the step changes in the desired throttle angle. The times listed on the figure near the deviations from S = 0 correspond to the times at which the step change occurred. As shown, when a step occurs, the state trajectory is forced off of S = 0 and for a short period the inequality S . s < 0 is not enforced as the trajectories are not approaching the sliding manifold. Within a couple of sampling instants, however, S . S < 0 is once again enforced and the trajectories are confined to the designed sliding manifold where they stay until another step change occurs. The flat sections in the phase plane on Figure  7 where the state trajectories depart from the sliding surface are caused by the desired throttle angle step changes having a 100 ms rise and fall time.
Conclusions
This paper is mainly concerned with a true system control design where the plant is switching between being stable and unstable. Details about how to derive the variable structure model are presented throughout the paper along with the reasons to use a sliding mode controller design approach. The stability of the designed tracking controller was achieved by switching between the stable and the unstable structures along a designed sliding manifold. Implementation of the controller is performed by a digital computer, therefore, the final version of the controller is converted to discrete time. A modified asymptotic observer is employed to estimate the derivative of the throttle angle reading which is used in the controller. Simulation studies and various 
